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Abstract

The coastal habitats are important for the globaéan production and provide
important ecosystem services. The contribution aestal ecosystem dominated by
macrophytes to the global sequestration and buwfatarbon could be important, being
the aim of this study to determine the burial rafeC and N of some characteristic
habitat from the Cadiz Bay and the sources of tigamic matter being buried on long
term. The experimental design involved the analykisey biogeochemical properties,
like plant biomass aboveground and belowgroundterds of organic matter, C and N,
and isotopic fractionation of C and N contentstwé sediment, along a transect in the
Trocadero Island saltmarshes, from a Zoostera ndibminated bed (S1) in the low
saltmarsh, bare sediment (S2), an area of barensedi with scattered Spartina
maritima plants (S3), to a Spartina maritima domethsediment in the high saltmarsh
(S4). This transect represent a sea to land gradiermarine influence. These four
habitats are characteristic of the Cadiz Bay Natuark and of many other temperate
saltmarshes. The horizontal heterogeneity in tlegd&ochemical characteristics within
each habitat was high. The major differences inllmgeochemical characteristics of
the sediment were related to the tidal height ahelaabitat, this is their position in the
sea to land gradient. No significant differencesevimund in the content of organic
matter between the different habitats. However, tomtent in carbonates was
significantly lower in the most terrestrial habite&83 and S4, than in S1 and S2, being
these two habitats more influenced by marine camtst On the contrary, the organic
C and total N content of the sediment tended toease towards the land. In general,
the vertical profiles of the biogeochemical propestdid not show a clear trend with
depth that might be due to intense mixing of thinsent surface. The analysis BfC
and 6N and the comparison with previous data suggest the sediment organic
matter seems to have multiple sources, althoughotiganic matter derived from
macroalgae and suspended particulate matter reprteskean important fraction. Our
calculation indicates that between 73 - 123 g ON y+1 are buried in the inner bay,
which represents organic C and total N burial ratésetween 15.6 — 26.4 g Cryjit,
and 2.1 — 3.5 g N fy?, respectively. Thus, the total annual C and N dlurates for
the inner bay, which has an area of 30°kof which the intertidal area is about 13 ¥m
are estimated to be about 630 t-€3nd 84 t-N .

Key words: burial rate, salt marsh, sediment bichemistry, Cadiz bay.



Resumen.

Los ecosistemas costeros son importantes parataugeion oceanica global y
generan servicios al ecosistema. La contribucioloslecosistemas costeros dominados
por macrofitos en la captura y enterramiento dédd@@o pueden ser importantes y esto
dio lugar a los objetivos del presente estudicelaual se determina el enterramiento de
C y N en los habitats caracteristicos de la zotas fuentes de materia organica que
pueden llegar a ser enterradas durante un largmdperde tiempo. El disefio
experimental incluyd el analisis de las propiedabiegeoquimicas mas importantes
para esta determinacion, estas fueron la biomas#&agelantas (raices y tallos),
contenidos de materia organica, C y N y por Ultiadraccionacion isotopica de los
contenidos de C y N del sedimento; esto se llevab® a lo largo de un transecto linear
en la marismas de la isla del Trocadero, destkrleb dominado por Zostera noltii en
la marisma baja (S1), el sedimento desnudo (S8jnsmto desnudo donde la Spartina
maritima empieza a aparecer (S3) y el lecho donoipa Spartina maritima (S4) en la
marisma alta. Este transecto representa un gradieninfluencia marina desde el mar
hasta tierra. Estos habitats son caracteristicogallgue natural de la bahia de Cadiz y
de otras marismas de climas templados. Se encon&r@levada heterogeneidad en las
caracteristicas biogeoquimicas de cada habitatmag®res diferencias biogeoquimicas
del sedimento se debieron a la posicién de cadidéah&n el gradiente mar-tierra y por
tanto a la altura de marea. No se encontraron edifgas significativas en las
concentraciones de materia organica sin embargaozddoonatos fueron menores para
las zonas mas alejadas del mar. Por el contragorgbnido de C y N aumento en los
puntos mas cercanos a tierra. Los perfiles veeticalo mostraron ninguna clara
tendencia, quizas debido a la intensa mezcla sagarficie del sedimento. Los analisis
de 5'C y 5'°N y la comparacién con datos de otros estudiostraros que la materia
organica en el sedimento provenia de varias fuentegue las macroalgas y la materia
particulada suspendida tienen una especial relevabas calculos realizados indican
que entre 73-123 gOM frafié* son enterrados en la bahia interna, lo cuél reptasin
enterramiento de C entre 15.6-26.4 g€ afic* y de N entre 2.1-3.5 g N frafic*. Por
lo tanto la velocidad de enterramiento de C y Naehahia interna con un area de 30
km?y en el intermareal con un area de 13 kes de 630 t-C afio-1 y 84 t-N afio-1.
Palabras clave: Velocidad de enterramiento, maribingeoquimica del sedimento,
Bahia de Cadiz
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INTRODUCTION

1.1 The value of coastal ecosystems

Coastal ecosystems are among the most productithes iworld (Nellemann
et al., 2010). They support approximately 20% @& tbtal primary production of the
oceans. This high productivity is because they lawvelevated supply of nutrients from
coastal upwelling, river inputs, human activitidiglsen et al., 2004) and underground
water (Niencheski et al., 2007). Because of theoim@mt ecosystem services they
provide, they make an important contribution to tbi&l welfare of the planet. Indeed,
scientists have attempted to assess the value aftaloecosystems in terms of
economics, and suggest that they provide servidgds am annual value close to 33
trillion dollars (Costanza et al., 1997). Even ddesng the huge uncertainties involved
in this type of study, it is clear that the sergiggovided by coastal ecosystems are very
important and that destruction of these habitats ihglications for human welfare
(Costanza et al.,, 1997). Recently the capacity azstal ecosystems dominated by
marine macrophytes to sequester and bury carborbéas highlighted as one the
particularly important ecosystem services thateheabitats provide (Nellemann et al.
2010). Hence, the general purpose of this study &nalyse whether this hypothesis is
supported in Cadiz Bay, which contains large extarssof seagrasses and saltmarshes.

1.2 Carbon sequestration and burial in vegetated coastal habitats

Vegetated coastal areas can act as a carbon siakg\nd Cai., 2004,
Sousa et al., 2010) (i.e., remove greenhouse dem@sthe atmosphere IPCC ARA4,
2007). Coastal shallow habitats rank amongst thet pmductive areas in the world,
comparable with agricultural crops and tropicahrmrest (Whittaker 1975, Duarte and
Cebrian 1996). These habitats are able to fix, dQio organic matter using
photosynthesis. The majority of this productiongiszed by animals, degraded or
exported to adjacent ecosystems. However, a snmafluat remains available for
accumulation within the system. Generally, theitletrproduced by different primary
producers has different degrees of biodegradaliRige et al., 1981, Enriquez et al
1993) and can be highly refractory to microbial me@tion. For example the

accumulation of refractory organic carbon is 4 foigher for higher plants (10-17 % of



net primary production) than for algae (0.4-6 %guadss primary production, Duarte and
Cebrian 1996, Cebrian 2002).

Also the large amounts of below-ground (BG) biomafssiany macrophytes
favours the direct accumulation of organic matemalsediments. The majority of
halophytes have a greater contribution (> 50 %beldbw-ground material to the total
biomass production (Sousa et al., 2010). Severtidoasi have pointed out stressed
conditions affect biomass production (Ibafiez et H099, 2000) by reducing above-
ground (AG) biomass and inducing plants to invedtelow-ground material (Edwards
et al., 2005), although the opposite is often oleeifor seagrasses. Salt marsh age also
affects AG/BG biomass ratios and total productivaligla et al., 2000, Sousa et al.,
2008).

Furthermore, in many cases the origin of a sigaificpart of the organic
matter in the sediments of vegetated habitats cdross plankton (Garcia et al., 2002)
and detritus i.e., it is imported as suspendedqéate matter. Indeed, a great number
of macrophyte habitats are considered to act asu&iént buffer” between terrestrial
and coastal systems (Sousa et al., 2008; Lillelad.,.e2004; Sousa et al., 2010).This can
be attributed to the effect of macrophytes on hggnamics; tending to reduce current
velocities at the sediment surface and favour @artrapping (Hendriks et al., 2008).
However, protection of the bed from high currenbegies and wave energy (Peralta et
al. 2008) and thus prevention of resuspension maybwre important mechanism by
which vegetated habitats increase long-term sediraetretion rates. This is because
long-term accretion rates are the balance of sertlposition and erosion and thus
represent the net accumulation of sediment at cseffi depth below the surface
(Nielsen et al., 2004).

Burial of organic matter is defined as the permarieansfer of material
from the active layer (influenced by hydrodynamma diological processes) to deeper
layers. Thus, OM burial rates can be calculatinmmgughe sediment porositydy,
accumulation ratex{, cm y%), dry density of particlep] and the OM content below the

active layer (Q (Nielsen et al., 2004):

Burial = 1-®)-C, - p- @



By using the OM content and accumulation rate belwsvactive layer, material
that is lost via mineralisation and export is natluded in estimates of burial. However,
this does mean that sediment cores must be deeleno define the active layer and
that accumulation rates are required, which are egdly measured using
radionucliotides (Ligero et al. 2002, Nielsen et, &#004). Fortunately, sediment
accumulation rates have been measured in CadiaBéyare between 0.16 and 0.27 cm
y'! (Ligero et al. 2002).

Much of the controversy about global estimates dfu@ial by vegetated coastal
habitats centres around the use of surface deposiites and OM contents for burial
estimates and essentially neglecting export anceralisation. For example, globally,
vegetated coastal habitats are estimated to hbueia rate of 120-329 Tg Cy which
accounts for at least half of the lower estimategtwfbal carbon burial in marine
sediments. However, other studies have estimatat ¢btuaries, salt mashes and
mangroves emit to the atmosphere up to 500 Tg(Ckeng-Tung et al., 2009hus,
there still remains some uncertainty about OM sedimfluxes, export and

mineralisation in shallow coastal habitats.

1.3 Organic matter sources

Indications about the sources of OM can be deribgdusing tissue
biomarkers that can help separate between diffgyemtary producers. The elemental
analysis of C:N ratios has been used to distingaighl and land-plant organic matter
origins. Whereas algae have C:N ratios betweena®d610, land plants ratio is around
20 (Meyers, 1994). This distinction is created by tack of cellulose in algae and the
great amount in terrestrial plants and the high amof organic matter in algae. The
protein compounds in algae and plants can decrelase degraded and raise C:N ratios
(Craft et al., 1988).

Carbon and nitrogen stable isotopic composition edsp be used to
determine the precedence of the organic matterdfonrthe sediment. Althougts!°N
values tend to be similar for all primary producgrewing on the same N source they
can give useful information about terrestrial segréMorris et al. 2009). However, for
8'°C, depending on the photosynthetic pathwd@ fractionation is different. The
majority of plants use C3 photosynthesis to asai®ilorganic matter, and the
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fractionation of3'°C is around -20 %o, plants which use C4 Hatch-Sfatutosynthesis
create a diffusional isotope shift of -7 %0 (Raverak, 1995). When atmospheric €0
(8°C = -7 %o) is used by C3 plants their tissues havewvamaaes'’C value of more or
less -27 %o and for C4 plants it is around -14 %«Qad and the C3 plants inside the
water may use dissolved GOwhich usually is in isotopic equilibrium with the
atmosphere or dissolved bicarbonate, which §la8 value of around 0 %. (Meyers,
1994, Raven et al., 1995).

1.4 Aims

The Cadiz Bay contains a variety of vegetate anbgetated habitats and
organic matter sources. These habitats, dominatecharacteristics plant species, are
distributed according to a zonation pattern witlreleteristics tidal height, in a sea to
land gradient depending of their relative resistatc the immersion and emersion
stress.

The present study aims to examine the burial ofamig matter within
sediments of different intertidal habitats. We hymsise that because of the benthic
macrophyte communities, different rates and patlewafyorganic matter burial will be
found in intertidal sediments of Cadiz Bay. Thesigetences should be apparent as
modifications of sediment organic matter profilexd astable isotopes of carbon and

nitrogen $13C and15N). Thus, the aims of this study are:

e Examine differences in sediment properties betwetntidal habitats oZ.

noltii, bare sediment arf8l. maritima

e Attempt to infer the most important organic mateurces in each habitat via

stable isotope analyses.

e Try to up-scale this information in combination kvgrevious studies to estimate
organic matter burial of intertidal habitats witf@adiz Inner Bay.



MATERIAL AND METHODS

21 STUDY SITE

This study has been carried out in Cadiz Bay. Tdrapdes have been taken at
Trocadero Island (SW Spain; 36°236°37N and 6°09-6°21W, Natural Park). This
area was declared natural park on July 1989 and & special place for the bird
migration between Europe and Africa. The bay situmais between Dofiana’s national
park and Gibraltar Strait (Figure 1) (Paneque Rl,e2007).

Fig 1 : Study area and different sampled points. Here i
showed the area inside Snain. ile the bav and Trocade

Cadiz, Chiclana, Puerto de Santa Maria, Puerto &&hiSan Fernando surround
the natural park and discharge wastewaters inrdiftedegree to the inner Cadiz Bay
(figure 2). At the south west is placed the Atlarficean and at the north east the bay.
Around 400.000 people live surrounding this natpeak.



Fig 2: Cities surrounding the nacional park.

The Bay climate is Oceanic-Mediterranean. The teatpees are around 17°C during
all the year and the dominant wind is usually frdme East. The rainfall average is
about 600 mm/year and the Cadiz bay receive 300@uaof hours per year. The
evaporation is greater than the rainfall. The dioecof the wind affects to the humidity
of this area. The wind coming from the east (Calledante) is dry and the one coming
from the west (called Poniente) is wet (PORN, Cadiz

The Cadiz Bay can be divided in two different arg¢he outer and the inner bay. The
outer bay is linked to the open ocean and has moeanic characteristics, being well
exposed to the waves, winds and tides. The inngrsbeharacterized by shallow waters
and the most important pressure is the tides actiime of the most characteristic
features of the inner bay is the large extensiotidad flats. The areas affected by tides
can support several seagrasses species dikastera Noltii, Zostera marinand
Cymodocea nodosdhose ones have an important role at these d¢aags. The high
part of the marsh is most unstable &partina maritimavas the first plant which could
colonize this habitat. Th&alicornia sp followed this colonization creating a new

ecosystem very typical at the research site. Tlierdnt vegetated an unvegetated



habitats are organised in a characteristic zongiaitern depending on their resistance
to emersion and immersion stresses by the semalitides.

Few decades ago large extensions of the area veeeyed by salt marshes,
however nowadays only three large and well preskaveas can be found: Torufios salt
marsh (El Puerto de Santa Maria), Trocadero aneribay salt marshes (Puerto Real)

and the Sancti Petri salt marsh (Chiclana de latera).

2.2 SAMPLING DESING

The samples were taken in Cadiz Bay (SW Spain; 363B°37N and 6°093-
6°21'W, Natural Park). Sampling method was carried guallinear transect along the
salt marshes and intertidal zone (Trocadero Islafhis wetland is dominated by herbs,
grasses and low shrubs (Adam P., 1990). The mopobriant characteristic is the
distinct vegetation zones along a gradient of feeguy and duration of tidal inundation.
Three sampling areas were chosen: Sediment dordifgt&@ostera Noltii (S1), bare
sediment (S2), bare sediment affectedSpgrtina maritima(S3) andSpartina maritima
meadow (S4).

t ZOSTERA NOLTII

Fig 3: Sampling site (Trocadero Island, Inner kay)
linear transect. Source: Land:



The sample site was reached by boat (figure 4)nTthe samples were taken by
cores of 1 meter large but the sediment just reaclind 60 cm depending on the
compactness of every site (figure 5), Once the<arere taken, biomass from plants
was collected fronZ. Nolti and S. maritimausing a box core. The samples set was
composed by 3 replicates from 4 different areastal of 12 cores of 1 meter high and
4 plastic cubes (2 for above ground and 2 belowmpld with the material collected
with the box cores (those samples were collectech f8. maritimaandZ. Nolti). All
samples were taken to the laboratory where planenma& was rinsed several time to

cleaned from mud, stored plastic bags, labelledkapd at -20°C. The cores were also

cleaned around with water and were kept insiddréezer at -20°C.

N\
N\

Fig 4: Material carried by boat to the sampling site.

Y 4
f_f I
i /4
Fig 5: Cores used on sampling 1 m large



2.3 SAMPLE PREPARATION

Sediment samples

The cores were cut in 2 centimetre slices, kepighted, dried and grinded

(figure 6 and 7). The water content is calculatedhe difference between fresh and dry

weight.. Then the organic matter and the carbonaége analyzed.

Fig 6: Set of samples 288 sediment samples.

Fia 7: Cuttina the core

Plant material

Macrophytes were cleaned of mud and epiphytic nateklgae were removed
from seagrasses and were kept for identificatiayufé 8). After cleaning, biomass was

stored at -20 °C The plants were weighted afterodethem, afterwards were dried to
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loss the water content and weighted again (figgreA9mall part of the biomass was

grinded and sent to analyse the isotopic content.

Fig8: Spartina maritima cleaned from mud and algae. Two F199:  Weighting biomas:

box cores from above and underground \ taken.

Biomass from sediment cores

The roots biomass from the first centimetresZwostera Noltiiand Spartina
maritima areas were removed from the sediment and wereettelite the plants
biomass mentioned before (figure 10). The freshnsedt was weighted before remove
the roots from there, then treated like the ressarhples and finally, the roots were
frozen. The roots, in other hand, were first wedghafter defrost, second grinded and
third were ready to send. Only two profiles werdesied and sent to analyze the
isotopes. The roots were separated by rinsing ¢a@rent with distilled water. This

sediment was kept in the oven at 60 °C until theemmeontent disappeared.

zb'l

Fig 10: Separatidn of roots biomass from each

core slice.
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24 SAMPLES ANALYSIS

Water content, porosity, dry weight and fresh weight

The water content was analysed at different depths. used parameters were
the fresh and dried weight. The fresh was measumetediately after cut the core and
the second parameter was measured after driecthples using an oven at 60°C aprox.

during 4 or 5 days.
The determination of the water content was caledlais:

_WW-DW,

Wa %100

Where:

Wa (%) = Absolute water content (%)
WW (g) = Fresh weight (grams)
DW (g) = Dry weight (grams)

The procedure for the porosity was the same asfosele water content above

but the determination was different.

o WW-DW,
h-r?.z

Where:

DWis (g)= Dry weight (grams)
WW= Fresh weight (grams)
h= height (centimetres)

r=radius (centimetres )
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Using the same parameters (fresh and dried wedightdnd wet density could be
calculated.
Dry density followed the next equation:

DWigs

™ hor?.g
Where:
DWi0s (g) = Dry weight (grams)
h= height (centimetres)
r=radius (centimetres)

And the wet density is calculated by:

wWw

t:
R

Where:

WW= Fresh weight (grams)
h= height (centimetres)

r=radius (centimetres)

Organic matter

The organic matter content was calculated as losightv on ignition (LOI)

according to Nelson et al 1996 (modified). The buweight is obtained after

calcination in a muffle furnace during 5 hours 80%C (Sutherland 1988).
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The samples were removed from the muffle and wened inside the oven for
a while. Then, to avoid the dampness the sampkeps at the desiccator. When the
sample colds down is weighted and kept again irotles with 1 mL of distilled water.
This water was added because the bay sedimentiglasclay content and the clays
have to rehydrate to give the correct loss weighigoition (modif. Nelson et al, 1996).
Once the water disappears, was weighted againhasmd/éight was used for the organic

matter determination.

The determination of the organic matter content egsulated as:

— DVV105 - BW,

oM > .100
DWlOS

Where:

OM= Organic matter content (%)
DW= Dry weight (grams)
BW= Burnt weight (after the addition of distillecater) (grams)

Carbonates

A gram of sediment was measured and put insideastipl bottle. After this
measure a tube which contents Hydrochloric acid wdded and the bottle was
hermetically closed. After that, a needle was puhea top to equilibrate the bottle with
the environmental atmosphere pressure. Ten mitates the needle was removed and
the Hydrochloric acid was mixed with the samplelftda hour later the pressure inside
the sample is measured with the differences irHfpeolumn before and after prick the

sample with a needle connected to the column (Badaal., 2004)

Knowing the elevation of the column using a blankl @ sample of carbonates
with one known weight the calibration could be domed the samples could be

analyzed.

This method is used by several researches anais Wide world.
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Stable | sotopes

The stable isotopes were separated in two diffesets. One set was prepared
for isotopic analyses and the second did not hayetr@atment before being sent. The
treatment used was the acidification or not aadifon of the sample. The acid was

added to remove all the inorganic carbon from tmae.

The one prepared to analyse the isotopes was stodcibles inside the oven
and regularly 1 ml of hydrochloric acid was addedilithe effervescence stops. Once
the complete process was done the samples wereirkegppendorf and sent to Iso-
Analytical Limited Company in Cheshire (UK).

The heavy and light isotopes are compared using thepression. With this
system a negative number shows a depletion and sitiveo number shows an
enrichment, standards are C from Pee Dee BelermndeN from the air (Machas et al.;

2003). The relation was done by the next equation:

12cl12C
13~ _ sample .
5 C - (lSC/lZCstandard ) 103
2.5 STATISTICS

Calculations having into account the por osity

All values in percentage were changed into g-m3s Tdhange was mainly
realized because we were checking the amount oivi$leed variable on sediment, but
we did not analyse the aqueous phase. Then, hamitogaiccount the porosity the

change of units was done.

DW
2-

Variablg(g/ m3)=Variablg%) o
N /A

Where:
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Variable (g/nf) was the units we want.
Variable (%) was the variable units we had.
DW was the dry weight

r was the ratio

ANOVA

We observed not important variation at the firs2scth. Then an ANOVA was
realized to check differences between profiles. prodiles were evaluated just taking
this 22 cm, that acted as a surface and then it e&as taken as a factor. The software

used was R.

Box plots

Box plots were done at this 22 cm. Those plots subwraphically the
differences found with the Nested ANOVA test. Thexlshowed the media, the box
was 25 and 75% quartiles, the whisker was the faetoge and the points were the

outliers. The software used was R.

Trend with depth

All profiles were analysed to show to trend withpttethey had. To make this

possible, each area was fit with an exponentiahggu.

C,=C,e "

Where:

Co was the concentration at the inicial depth.

The coefficient k, is the specific rate of changéhvdepth, having positive or
negative values depending whether the variableasas or decreases with depth.

z was depth

C, was the concentration or value of the variabléegth z.
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After applied this equation, one line was fitted esich profile to show it
graphically. Non-linear least squares were usefttthe equation, the p-value was
shown at all profiles and significant differencesresone p-value lower than 0.05, and

the 95 % CI coefficient was also given. The sofevased was R.

6'3C and 8™N plots

To plot3*3C agains©™N for our data the error standard was used to hawe
confidence with results.

s
N

Error(std)=
Where:

Std was the standard deviation.
N was the number of samples.

The software used in that case was Microsoft excel.

The bag plots are graph which showed the medizeaténtral point, the 75 % of
data with dark colour and the rest of data withhtigolour. Those graphs have been

used to show the different sources around the Hag software is was R.

Burial rate

To calculate the burial rate the deepest valuesofganic matter, carbon and

nitrogen where selected. Then with these valuesigdia was calculated.

" — D> N1LN2N3..Nn
- N

X was the media
N1, N2, N3 were the values of each sample
N was the total number of samples.

The next step was the application of an equatiotdioial (Soren et al., 2004).



Burial = 1-®)-C, - p- @

Where:

® = porosity

Ci = deep concentration
p = dry density

® = accumulation rate.

The software used was Microsoft excel.

17
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RESULTS

3.1 Plant biomass

Spartina maritimaand Zostera noltii presented similar aboveground biomass.
However there were important differences in theiotvground biomass, the amount of
S. maritima(3.84 kg- rit) almost triplicates the amount Bf noltii (1.32 kg- ¥ g). The
Above-Below ground ratio faZ. noltii wet was 0.87 and f@&. maritima0.26.

However the results are different when analysadnms of dry weight (Fig. 11).
The underground biomass of both plants was sintilarS. maritime(0.54 kg-ri?)
reached a higher biomass thannoltii (0.4 kg- ). The above-under ground ratio for

driedZ. noltiiwas 1.2 and the same ®r maritimawas 0.31.
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Fig 11: Biomass ofS.maritimaandZ.noltii under and above ground took with a box
core.
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The underground biomass decreased in both comrmasintith depth (Fig. 12)
Roots were absent below a depth of about 17 crotim dases.

ROOTS VS DEPTH
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O 1 1 1 1 1
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—#-AREA 4

Depth (cm)

25 A

30 A

35
Fig 12: Roots profiles of Z.noltii (Area 1) and S.maritiffArea 2)
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3.2 Organic matter and porosity
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The organic matter content of the sediment is piteskin two ways, 1) as percentage of

sediment dry weight (Fig. 13B), and 2) as weight y@ume (13C), therefore taking

into account the differences in porosity (Fig. 13Rprosity ranged from 0.4 to 0.8.
Organic matter ranged from 6 to 16 % or 10 to 36kfpmi>. Porosity and OM did not

change significantly with depth in any area. Thestexce of possible differences

between areas in surface (0 - 22 cm) sediment ppr@sOM was tested using nested

Nested ANOVA. Porosity was significantly differebétween areas (ANOVA, 3k, =

6.5; p < 0.001), however the grouping of means m@svery clear (Fig.14A, Tukey
HSD test, p < 0.05). Bare areas (S2 and S3) haghathwater content (higher porosity)
than their respective adjacent habitats (S1 andépugh the vegetated habitats were

not significantly different. In contrast, sedimentganic matter did not change

significantly between areas, either expressed eeptge or as kg.f(Fig. 14 B and

C).
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3.3 Carbonate content

The carbonates ranged from 10 to 120 Kg-ffFig. 15). The statistics showed
significant differences between different areas QAMM\, Fs15 = 25.7; p < 0.001).
Carbonate content in area 1 and 2, closer to tagveere significantly higher than in
areas 3 and 4 (Tukey HSD, p < 0.05). The carbooat¢ent increased significantly
with depth in the areas 1 (k =-0.02, p < 0.0010 ar{k = -0.01, p < 0.001), but changes
with depth were not significant for area 3 (k =08.p = 0.15) and 4 (k = 0.005, p <
0.6).
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Organic Carbon and N content

The organic carbon ranged from 1.8 to 5.1 Kg-(Rig. 16A) and was significantly
different between areas (Nested ANOVA; 7 = 23.61; p < 0.01). The carbon content
in the areas 3 and 4 was significantly higher timaarea 1 (Fig. 17A, Tukey HSD, p <
0.05). No significant trend was observed in thenges of C with depth. Nitrogen
ranged from 0.28 to 0.79 kg-hiFig. 16B) and was also significantly differenteen
areas (ANOVA, k27 = 6.1; p < 0.01). As for C, N content in the ar@and 4 was
significantly higher from those in the area 1 (Fig.B, Tukey HSD, p < 0.05). In
general, N tended to decrease with depth, butddsease was only significant in the
case of area 3 (k = 0.009, p < 0.01). C:N ratiqyeahbetween 6 and 8 (Fig. 16C) and
were significantly different between areas (ANOVRA 7= 6.37; p < 0.001) (Fig. 17C).
Higher values were observed in S1 compared to $2yeas no difference was found
between S3 and S4, which had intermediate valuegpared to S1 and S2 (Tukey
HSD, p < 0.05). In general, we observed an increags&N ratio with depth, however
this trend was only statistically significant iretarea 2 (k = -0.004, p < 0.01) and 3 (k=
-0.006, p < 0.05).
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3.5 6"C and 6°N

Carbon stable isotope values ranged between -16260 (Fig. 18A) and were
significantly different between areas (ANOVA; F = 23.61; p < 0.01). S1 and S3
formed one group whereas S2 and S4 formed a logeamsl group (Fig. 19A, Tukey
HSD p < 0.05)5C did not change significantly with depth in anytoé areas except
in area 2 weré™*C decreased with depth (k = -0.001, p < 0.85)NN values ranged
between 4 and 8 (Fig. 18B) and were significanifietent between vegetated areas (S1
and S4) and bare areas (S2 and S3) (Fig 19B, ANGAVA; = 32.41; p < 0.001, Tukey
HSD p < 0.05). Profiles showed a decrease withigdpmwever the changes with depth
were only statistically significant for area 3 (0609, p < 0.01).
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DISCUSSION

4.1 Differences between areas and depth profiles

The experimental design involved analysing key éamnemical properties, like
plant biomass aboveground and belowground, contintrganic matter, C and N, and
isotopic fractionation of C and N contents of tledisment along a four points transect in the
Trocadero Island saltmarshes, fromZaostera noltii dominated bed (S1) in the low
saltmarsh to &partina maritimadominated sediment in the high saltmarsh (S4)s Thi
transect represent a sea to land gradient in mamiheence. The intermediate sampling
stations in this transect from sea to land weree lsdiment (S2) and an area of bare
sediment with dispersgpartina maritimaplants (S3). These four habitats are characteristi
of the Cadiz Bay Natural Park and of many otherperate saltmarshes (Davis jr. et al.,
2004; PORN, Bahia de Cadiz).

The biomass oZoostera noltandSpartina maritimain the area 1 and 4 was similar
both above ground and below ground (Fig. 11). Tielemground biomass of both
communities was concentrated in the upper 18 cowisig a decreasing trend with depth in
both communities (Fig. 12). Despite this coincideneén biomass and distribution of the
below ground biomass, the impact of both typeslafitpcommunities in the biogeochemical
characteristics of the sediment might be very dzifié for a number of reasons. There might
exist differences in production between both comities) both below ground and above
ground (lbafiez et al., 1999, 2000, Valiela et200Q0, Sousa et al., 2010) and also they are
likely to affect in different ways the hydrodynammiand therefore the capacity of the bed to
capture and retain particles (Peralta et al. 2008)ddition, as a source of detritus the
biomass ofZ. nolti and S. maritimadiffers in their C and N stoichiometric compositiah
nolti presented a lower C:N ratio th& maritima being from 6 to 28 and from 14 to 33,
respectively. Therefore, the detritus fro&r maritimais more refractory to microbial
degradation than that & nolti, since it is well known that the biodegradabildfy plant
detritus is directly related to its N content (Rieeal., 1981, Enriquez et al 1993). The
difference in biodegradability affects the persiste of the detritus within a given system

and increases its probability of being exporteddf@cent habitats as well.
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The bare sediment area (S2) was deprived of magrephbeing a so-called
unvegetated sediment at the time of sampling. Huse is typically inhabited by a
microphytobenthic community usually dominated byithé diatoms (Corzo et al. 2009,
Garcia-Robledo et al. 2010). However this areaesssnally colonized by blooms of the
green macroalgaélva sp, that in the Bay of Cadiz occupy this area intev (Corzo et al.
2010). The area S3 is similar to area S2 but wdatteredS. maritimaplants. It is
positioned at a higher height in the tidal rangacWwmeans that the emersion period is

larger than in area S2.

The height in the tidal range of the four samplargas and therefore their relative
position in the sea to land gradient seems to derbst important factor responsible for the
differences in the biogeochemical properties ofsbdiment. In this study, we have found
very clear differences in the carbonates contehthesediment between the areas S1 and
S2, theZ. noltii bed and the bare sediment, and areas S3 and $¥jnbabited by S.
maritima with different degree of cover (Fig. 139)his is likely due to the biogenic
precipitation of carbonates in the shell of mammémals that are buried after sedimentation
(Schulz et al., 2006). The organic matter contanthe upper 22 cm of the sediment was
highly different between replicates collected fralme same area, suggesting a high
heterogeneity in the sediment. Likely due to thghhheterogeneity the differences among
areas were not significant (Fig. 14). However, ¢batent in C and N in the upper 22 cm of
the sediment in the areas 3 and 4 were signifigangher than C and N contents in the
areas 1(Fig. 17). The C:N ratios in the upper 22ayar of the sediment was the lowest in
the area 2 (Fig. 17). This is consisting with thiea being inhabited by microalgae and
therefore with a relatively low C:N ratio (Meyefd®94). The highest C:N ratios were found
in the area 1 inhabited bB¥. noltii. It is surprising the little differences in theNCratios
among areas despite the larger differences in thé 1@tio of the plant community
colonising each area that might act as potentialcgoof detritus. The mean C:N ratio of the
sediment at the Trocadero Island saltmarshes sradls was between 6 and 8. This low C:N
ratio in the sediment suggest that either mostrgamic matter present in the sediment was
derived from a source with a low C:N ratio like pbglankton or microphyobenthos (Garcia
et al., 2002) or that the microalgae and bactdmi@nass was high enough as to increase
considerably the N content of the sediment (Criadil.¢ 1988).
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The pattern of differences #°C values appeared to be relatively similar to tie C
ratios; values in S2 were lower than S1, suggestifayeign influence for one of those sites.
The bare area is broadly colonized by algae, Uik spp.with low §*°C values (Corzo et
al. 2010), microphytobenthos and diatomes (Corzd. 2009, Garcia-Robledo et al. 2010).

However, values in S3 and S4 were also similarltoThose similitudes are related

to the vegetation cover.

S2 was also the only area where a trend of deagaSiC values with depth was
found. It was also similar in S1 and it is causgdthe carbonates approaching from sea
(Schulz et al., 2006) that increase the carbonertrdn sediment.

Whilst §**C values are strong indicator of the photosynthagchanism of potential
organic matter sourcesi™™N values generally do not change much between pyima
producers if the N source is the same. On the dthed microbial processes (such as N
fixation and denitrification) can strongly affectdmentd™®N values (Rice et al., 1981;
Enriquez et al., 1993). Within Cadiz B&}'N values of suspended particulate matter (SPM)
from N point sources (7 - 9) and macrophytes (88y to be relatively high, suggesting the
influence of N from urban and aquaculture efflu@vibrris et al. 2009). Thus, significantly
higher 5*°N values in both of the vegetated habitats mayesstt an important urban
effluent (Morris et al. 2009) or the microbiologitbe sediment (Craft et al., 1988).

A significant trend of highe$**N values in the surface sediments (also coinciding

with an increase in N content) was found at S3.

The study of how the different biogeochemical prtpe analysed in this work
changes with depth is complicated by the fact tiraiength of the cores was not similar for
all the sampling areas. It was not possible toecpllong cores (> 50 cm) in the area 3 and 4
due to the unexpected abundance of animal borrowa {angeri) below 20 cm. However,

cores from area 1 and 2 were longer than 50 cm.

The organic matter content of the sediment, whesressed per unit of volume of
sediment, tended to increase with depth in allsa(&&g. 13), however this increase with

depth was statistically significant only in theasel and 2, but not in areas 3 and 4. This is
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likely due to high horizontal heterogeneity obserue all the areas and to fact that cores 3
and 4 were shorter that cores from the areas Raitis might have contributed to obscure
the changes of organic matter with depth in tha &eand 4. The values measured in this
study are slightly higher than those measured larasites of Cadiz Bay (Establier et al
1984). The increasing trend in organic matter wdépth could be explained by a general
decrease in the input of organic matter to the msedt due to a decrease in primary
production in the recent years or by changes inptieservation rate of this detritus within
the sediment. Similarly the organic carbon congdrmwed no significant trend with depth at
all sites (Fig.16). However, N profiles, visualshowed a decreasing trend with depth but
changes were only significant for site S3 (Fig.IB)e C:N ratio tended to increase with
depth but changes were only significant for sitesaBd S3. The absence of clear trends with
depth for OM, C, N and C:N ratio might be due twesal factors. The high horizontal
heterogeneity existing in all sites difficult thppaeciation of a clear pattern with depth. All
vertical profiles presented a number of “peaks aaltbys” that could be due to seasonal or
interannual variability. In addition, resuspensmrents, bioturbation and reworking of the
sediment surface due to very intense “marisqueailccanixed the sediment avoiding the
formation of clear trends with depth. Flat vertipabfiles of OM, C, N and C:N have been
observed in previous studies in the Cadiz Bay amather saltmarshes (Establier et al. 1984,
Gebrehiwet et al. 2008). Carbonate content incceaggnificantly with depth for sites S1
and S2 but not site S3 and S4, probably becauseoties were shorter for these two sites
(Fig.15). Carbonate content in the Cadiz bay isbioigenic origin (Mufioz & Sanchez
Lamadrid 1994). The increase with depth could be ttua lower sedimentation of this
biogenic material in recent years which might benmrted with a general decrease of
productivity in Cadiz Bay as suggested above tdaxpghe increase of OM with depth. The
balance between dissolution and precipitation agb@aate mediated by the biological

activity might play a role in the observed tren@( et al. 2005).

4.2 Possible sources of organic matter

To help with the identification of potential organmatter sources to intertidal
sediments within the study area, biplotssbiC against CN ratios and°N values of the

sediments and plant tissues collected nearby todhes are presented (Fig. 20 and 21). S1,
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S2, S3 and S4 have more or less the same valdé¥oands™N. It means that our samples
have more or less the same sources. f@ and5'N content of Spartina maritima and
Algae are closer to the content of the areas tluatera noltii. It means that our samples are
more affected by those materials. However, Zostetti is not far away from the rest (fig.
20).

The graph that show C:Nratio agaiG$iC shows thaZ. noltii may affect more than

S. maritimathe sampling site but algae values are closdrdodst (fig 21).
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Fig 20: Plot of315N against13C for our sampling values.
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Fig 21: Plot of C/N ratio against13C values for our samples.

To help identify sources at the level of the whindg, we combined the data collected in
this study with a database of C and N contentsisotdpe values maintained in EDEA (data
provided by numerous projects, see acknowledgemeMsst of the possible sources
(invertebrates, epiphytes, seagrasses, macroaffakl, S. maritima, Salicornia sp and
sediment from south of the bay) have been plotieaibag plot. Firstly§**C has been plotted
againsts*>N and the other graph shows the relationship betd& and C:N ratio. Those
graph showed that all the possible sources appese ar less at the same part of the plot but

Salicornia sp(The most terrestrial plant) was separated froerést (fig: 22).

The 815N content does not vary a lot because the orgaatter of those sites has the
same sources (fig 22). The SPM is formed by allbde compounds as it is shown abog&.
maritima is different from the rest sea plants becausast @4 photosynthetic pathway and
the way to capture the C is slightly differealicornia sp is a terrestrial plant with C3
photosynthetic pathway and has more depletiondI8C. The macroalgae affects the
composition of the suspended particulate matteM)SFPhe sediments from our sampling site

are mainly affected by macroalgae and SPM.

The C:N ratio has been plotted agaif$iC (fig 22 B). The macroalgae affect the

SPM. The S. maritima has been separated from the rest vegetation becatisits
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photosynthetic pathway. The sediments from Northr @udy site) and south have different
depletion ofs*3C. It could be because in the south there are mpighytes than in our study
area and at this the terrestrial affection is gneatiowever, the sampled sediment is mainly

affected by SPM and macroalgae as we deduced above.
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invertebrates
T T T T T | | | | |
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Fig 22: Values of615N against13C (right side) and C:N ratio against
813C (left side) for values from EDEA database.

4.3 Estimation of long-term OM burial rates

Using equation 1, long-term OM burial rates (¢f yi') can be estimated from
measurements of sediment OM concentratigrfk@m>) multiplied by a suitable estimation
of sediment accretion rates, (m y?) (Middelburg et al. 2004). In this study (an itigal
transect on Trocadero island, N. Cadiz Inner Bang, significant differences in OM
concentration were found between areas or withhggpus to calculate burial rates the
mean value for all areas was used (68 KkY).rfor organic C and N, the mean value of S1
and S2 Z. noltii, 6.9 kg C ¥, 1.0 kg N n?) and the mean of S3 and S naritima 10.0
kg C m® 1.5 kg N n?) were used in calculations. These values were acafe to
previous extensive studies of sediment OM contenttfie whole of Cadiz Inner Bay
(Establier et al., 1984). Thus, to upscale burstineates to the whole bay we used the mean
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of this study combined with the previously publidh&lues (assuming a dry bulk density of
0.75 g-sed cif;, OM = 23.4 kg 1Y, 12.4 kg C rit, 1.4 kg N n?)

The long-term sediment accretion rates for 3 pamtfie inner bay were previously
published by Ligero et al., (2002); ranging fror@®to 0.27 cm V in the south and north of
the bay, respectively. These estimates were madatoyg cores collected in sub-tidal areas
(and the type of surface vegetation was not meatiprthus they probably underestimate
saltmarsh accretion rates. Still, the highest valhas derived relatively close to the study
transect, thus we used this value of 0.27 ¢htoyupscale estimates from this study. At the
scale of the bay, we use the range in accreti@s tatprovide the first, tentative estimate of
OM burial for the bay.

The burial rate for organic matter in our study sit estimated as 184 g OM’y™.

For theZ. noltii habitat organic nutrient burial is estimated a$X8C m¥ y* and 2.7 g N
m?y?, and in the saltmarsh as 27 g ¢ §i* and 4.1 g N /i y*. At the scale of the bay
areal burial rates are estimated to be between I33-g OM nf y*, which represents
organic C and N burial rates of between 15.6 — 6@ m? y*, and 2.1 — 3.5 g N Hy?,
respectively. Thus, total annual C and N buria¢sdor the inner bay, which has an area of
30 knt (of which the intertidal area is about 13%mare estimated to be about 630 t-€ y
and 84 t-N ¥.



Fechas de las imagenes: 17 de May

Fig 23: Points used to calculate the burial rate. Thenside the bay were used for sedimentation ratgefoi et al.,
2002) and the rest to calculate organic matterpgétn and carbon content of sediment (Establiat. £1984).
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CONCLUSION

The biogeochemical properties of sediments frondifferent habitats were affected
by their position in the sea to land gradient amerd@fore their characteristic tidal height.
Carbonate concentrations increased toward thetlseZ.(noltii habitat), and organic C and
N tended to increase toward the land (the saltmatdbrizontal heterogeneity was high
within each area, which probably hindered the olztemn of clear differences between
habitats and changes of the biogeochemical pregsertith depth. The vertical profiles
presented a number of “peaks and valleys” that beylue to inter-annual variability in
benthic OM fluxes. On the other hand, the absericelear trends with depth for most
biogeochemical properties might be a consequenca& okry intense mixing due to

resuspension, bioturbation and reworking of surkemiments shell fishing activities.

Organic matter sources were similar between thasarguggesting mixing of the
multiple inputs. Sediments did not have similar Gatios and$'*C values to the
macrophytes suggesting that a substantial fracbbnaccreted OM is derived from
micoalgae (phytoplankton and microphytobenthos) podsibly macroalgae. Substantial
transformation and recycling of macrophyte tissoey also help explain this result. More
studies with different biomarkers may help to fertrconfirm the magnitude of these

different sources.

C burial rates in the vegetated habitats wereivelgtclose to the mean estimate for
coastal shelf sediments (20 g Cwi'), lower than the average for estuaries (50 gty
and much below the average for vegetated habif#® ¢ C rif ) (Nellemann et al.,
2010). Suggesting, vegetated habitats in CadizrBay not function as such strong C sinks
as would have been predicted. On the other hatichagns of long-term accretion rates in
each habitat may possibly increase this estimatat(éeast give a more definite answer).
Although, large changes in organic C were not olesemwith depth, if the below-ground
biomass of the vegetated areas is considered, #pgrears to be a substantial “loss” of C

and N from the sediments, which may represent higieralisation rates.

Overall, C and N burial within the Inner bay isiestted to be substantial, 630t C y

tand 84 t N {, which for example, is more than the amount ofn@ A contained within
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the dominant macrophyte beds, prolifera during spring-summer (524 t C and 45 t N,
Morris et al. 2009) and much more than containethénmaximum bloom of green algae in

winter (31t C and 3.7 t N, Camarena-Gomez, Mpé&rts. com.).
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